In the first two projections, pumpage for irrigation was held constant at 1978 rates throughout the projection period . In the second two projections, the 1978 pumpage was progressively increased each year through 2020. In the second and fourth projections, surface-water diversions in the Osborne Irrigation Canal were decreased by 50 percent.
For the third and fourth projections, each grid-block in the modeled area was classified initially as one of six types according to whether it represented irrigable or nonirrigable land, to its saturated thickness, to its location in or outside the canal-river area, and to its pumping rate. Grid blocks were classified to distribute increased pumpage to irrigable blocks on a priority basis.
The projected base-flow rates (leakage from the aquifer to the river) were lower during the irrigation season (June, July, and August) than during the other months of the year because of the decline in hydraulic head produced by ground-water pumpage.
Stream depletion, calculated as a decrease below the average (1970-78) estimated winter base-flow rate of 16.5 cubic feet per second, varied inversely with base flow. For the first two projections, a constant annual cycle of well pumpage and recharge was used throughout the projection period. Aquifer leakage to the river was nearly constant by the mid-to late-1990's, implying that flow conditions had attained a stabilized annual cycle.
INTRODUCTION
Irrigation is practiced in the South Fork Solomon River valley between Webster Reservoir and Waconda Lake in north-central Kansas ( fig. 1 ). Releases from Webster Reservoir make up a large part of the water supplies for irrigation. Ground water from irrigation wells supplements these surfacewater releases.
Water shortages occurred during 1972, 1978, 1981, and 1982 , and no water was released from Webster Reservoir during those years. Water shortages have been a major factor contributing to the increase in ground-water development. Burnett and Reed (1986) reported that the number of irrigation wells increased substantially, from 12 to 93 wells, during 1970 to 1978. The conjunctive use of surface and ground water has proved very beneficial to the irrigators.
However, there is a growing concern over whether the continued increase in ground-water withdrawals can be sustained. Because canal and lateral leakage of surface water is an important source of recharge to the alluvial aquifer, the saturated thickness in the aquifer could decrease markedly if this recharge is not available. This could cause the ground-water-withdrawal rates to ultimately decline because of lower well yields due to less saturated thickness.
A previous study by the U.S. Geological Survey in cooperation with the U.S. Bureau of Reclamation and the Kansas Geological Survey developed a digital computer model to simulate two-dimensional ground-water flow in the alluvial aquifer from 1970 through 1978 in the flood plain of the South Fork Solomon River between Webster Reservoir and Waconda Lake (Burnett and Reed, 1985; 1986) . The alluvial aquifer is about 2-miles wide, and the modeled reach is 50-miles long.
Purpose and Scope
The model constructed by Burnett and Reed (1986) was for a period when the South Fork Solomon River valley was being developed . Year-toyear recharge changed very little, but discharge from the alluvial aquifer was increasing. The purpose of this report is to present the results of four model projections (1A, IB, 2A, 2B) of water levels in and discharge from the alluvial aquifer at monthly intervals from 1979 through the year 2020. In projection 1A and IB, recharge and discharge were projected as constants through each annual cycle. In projections 2A and 2B, recharge was constant, and pumpage was increased each year.
This report describes the hydrologic responses simulated by the model. Further information on the model, including assumptions, interpretation of data, and comparison with measured values is available in Burnett and Reed (1985; 1986) .
Computer Model Background
The digital model of the South Fork Solomon River valley streamaquifer system uses a computer program written by Trescott and others (1976) . This two-dimensional numerical model was prepared and used to simulate and evaluate the stream-aquifer system from 1970 through 1978 (Burnett and Reed, 1985; 1986) . The model used 19 pumping periods representing a 3-month irrigation season (June through August) and a 9-month nonirrigation season (September through May) (Burnett and Reed, 1986) . For this report, the duration of the pumping periods was changed.
The simulated pumping periods were modified to provide results on a monthly basis. A total of 610 monthly pumping periods was used to simulate the stream-aquifer system, March 1970 to December 2020.
An additional program code was added to the digital model to convert the 3-month and the 9-month pumping-period data to appropriate monthly pumping-period data.
Results of the digital-model simulations were used to calculate and to print monthly and yearly tables of the difference between the simulated base flow and the average (1970-78) estimated winter base flow and of net leakage between the river and aquifer.
Another program code was added to the digital model to calculate the annual increase (270 acre-ft) in the total irrigation pumpage in projections 2A and 2B. 
Accuracy Considerations
Development of the computer model as a predictive tool is based on the premise that, if historic hydrologic phenomena can be satisfactorily approximated by the model, then so can future conditions, within those same limits. Simulations of the relationship between historic stresses in the stream-aquifer flow system and of the system's response to those stresses are described in a previous report by Burnett and Reed (1986) . This report assumes that this relationship did not change significantly in the projected system from 1979 to 2020. However, the hydrologic system in the South Fork Solomon River valley is dynamic. Large changes in streamflow, precipitation, and pumpage influence water levels in the alluvial aquifer. Although it may be possible to estimate future pumpage based on management control, it is very speculative to forecast changes in streamflow and precipitation. The characteristics of various streamflow and pumpage patterns that were chosen for this study were meant to illustrate possible future hydrologic conditions, thereby allowing management decisions to be based on results of a range of projections.
As presently constructed, it is possible for the digital model to compute aquifer hydraulic heads lower than those of the streambed confining layer, thereby simulating a loss of hydraulic connection between the aquifer and the river. The leakage between the river and the aquifer, for that case, would be calculated erroneously by the model as a function of river hydraulic head minus aquifer hydraulic head; whereas the driving head differential would need to be limited to the river depth above the confining layer. As used, the model could not detect and limit leakage in such a situation. In the projections that follow, close inspection by the hydrologist was required to assure that computed flow between stream and aquifer was based on realistic stream-aquifer head differentials. If the model is to be used, as it is presently set up, for different projections, this same close inspection would be required. The effects of present model errors depend greatly upon the magnitude and location of any additional stresses applied to the model. A large stress in one reach causing lower water levels in the aquifer and excessive river leakage translates into higher ground-water levels and less leakage in another reach. If the interest is in the overall effect on a large area, this error may be acceptable; if on a small area, it may not.
SIMULATED HYDROLOGIC PROPERTIES

Model Boundary Conditions
No-flow boundary conditions were used to simulate the impermeable lateral boundaries along most of the north and south sides of the modeled area except in areas where tributaries intercept the model boundaries (plate 1).
Inflow from the alluvium of tributary valleys was modeled by constant-head grid blocks, assuming no development or seasonal changes in the water levels of the tributary alluvium and assuming that the calibrated model reasonably simulated ground-water gradients at those locations. Constant-head grid blocks also were used to represent Webster Reservoir and Waconda Lake at the upstream and downstream ends of the modeled area. The model features and streamflow-measurement sites are shown on plate 1. The simulated water-level surface for January 31, 1979 (Burnett and Reed, 1986 , plate 4), was used as the starting water-level surface for the 1979-2020 projections.
Streamflow Conditions
Flow between the aquifer and the South Fork Solomon River was simulated using the leak-option routine in the finite-difference model (Trescott and others, 1976) . The stream-aquifer interface was treated as if the two units were separated by a permeable membrane 0.6-to 12-ft thick, with a hydraulic conductivity of 0.13 x 10' 5 (0.0000013) ft/s. Water could flow either way through the interface depending on hydraulic-head values in the aquifer. The model assumed that the hydraulic head in the river remained constant through time so that only fluctuations of the water table affected flow at this interface.
Aquifer Characteristics
Hydraulic conductivity, a measure of the aquifer's ability to transmit water, was used by the model, in combination with water-level-dependent saturated thickness, to compute the required transmissivity distribution during simulation.
A constant hydraulic conductivity of 1.5 x 10~3 ft/s (130 ft/d) was used in the model for the South Fork Solomon River alluvium during both calibration (Burnett and Reed, 1986 ) and these projections. The magnitude of water-level change that occurs in a water-table aquifer in response to recharge or discharge of ground water depends on the specific yield. The South Fork Solomon River model used a constant specific yield of 0.20 during both calibration (Burnett and Reed, 1986) and these projections.
Discharge From Aquifer
Discharge from the ground-water system occurs as evapotranspiration, pumpage, and leakage to the river.
Ground water also leaves the modeled area as subsurface outflow.
Water is discharged from the aquifer to the atmosphere by evaporation and by transpiration from plants in areas where the water table is at or near the land surface. The evapotranspiration rate used for the 1979-2020 projection period was the same as was used during the 1970-78 calibration period by Burnett and Reed (1986) . During the months of June, July, and August (irrigation season) the evapotranspiration rate was 4.76 ft^/s, and for the other 9 months it was 1.10 ft 3 /s.
Pumpage from irrigation and municipal wells is a major source of discharge from the aquifer. Withdrawals of ground water by municipal wells were computed by Burnett and Reed (1986) from records of pumpage, rates of use, hours pumped, and population. Net withdrawals by municipal wells were applied at a uniform rate of 1.4 ft 3 /s throughout the simulation period . Burnett and Reed (1986) also determined' ground-water irrigation pumpage rates by using an application rate of 1.0 ft/acre per season for lands irrigated solely by ground water and 0.5 ft/acre per season for lands irrigated by both surface and ground waters. Withdrawals by irrigation wells were applied at a uniform rate through the irrigation season of June, July, and August. Burnett and Reed (1986) reported average simulated well-discharge rates of 24 ft^/s for the irrigation season and 1.4 ft 3 /s for the nonirrigation season.
The study described in this report uses the same well-discharge data through 1970-78 as Burnett and Reed (1986) and applies the well-discharge rates for 1979-2020 as described in the selection on "Projected Ground-Water Development, 1979 Development, -2020 The exchange of water between the South Fork Solomon River and the alluvium occurs through the streambed. Stream-aquifer leakage can be either a source of recharge to or discharge from the aquifer. Leakage for this study was calculated as in Burnett and Reed (1986) by using a constant streambed (silt and clay) hydraulic conductivity of 0.13 x 10~5 ft/s and a streambed thickness ranging from 0.6 to 12 ft. Burnett and Reed (1986) reported that while there are reaches where flow is from the river to the aquifer, the river generally gains in flow from the aquifer across the modeled area. They also reported that the 1970-78 winter leakage from the aquifer to the river from Webster Reservoir to east of Osborne was about 13.6 ft 3 /s or 10,000 acre-ft/yr. The total simulated winter leakage for 1970-78 from the aquifer to the river averaged 18.2 ft 3 /s.
Subsurface outflow for the 1979-2020 projection period was simulated as in the 1970-78 calibration period by Burnett and Reed (1986) using constant heads at the eastern boundary of the modeled area.
Recharge to Aquifer
Recharge to the ground-water system occurs as water infiltrates from the land surface through the soil zone to the aquifer.
The sources of water that may infiltrate from the land surface are precipitation and irrigation water (return flow). The amount of deep percolation depends on the amount of precipitation and irrigation water applied to the land surface, the rate of consumptive-use demand by plants, and the ability of the soil to hold and store water.
When precipitation exceeds storage capacity of the soil, it recharges the aquifer by deep percolation.
Recharge from precipitation was applied at a uniform rate throughout the modeled area during each pumping period; however, the application rate varied from 5 to 15 percent of the precipitation occurring during each pumping period of the calibration period (Burnett and Reed, 1986) . Simulated recharge from precipitation (1970-78) averaged 2.0 in/yr or 14.3 ft3/s for the irrigation season and 11.7 ft^/s for the nonirrigation season. These average values were used for the projection period, 1979-2020.
A major source of recharge during the irrigation season was seepage of diverted surface water from Osborne Irrigation Canal and laterals, simulated using recharge wells in appropriate nodes. Burnett and Reed (1986) reported an average simulated rate (1970-78) of 26.5 ft 3 /s. Irrigation return flows of water applied to the fields also contribute to recharge to the aquifer. Burnett and Reed (1986) used 10 percent of the ground-and surface-irrigation water applied as the return-flow rate or an average simulated rate (1970-78) of 5.71 ft^/s for the irrigation season. In this study, recharge from canals, laterals, and field application was varied from season to season during the calibration period of 1970-78 using the same values as Burnett and Reed (1986) .
Recharge for the projection period of 1979-2020 was based on the proportionate quantities of canal and lateral water presumed available and the amount of ground-water pumpage for that pumping period.
Subsurface inflow from the western boundary of the model area and from several valley tributaries also provides recharge to the aquifer. Burnett and Reed (1986) reported an average simulated rate of subsurface Inflow (1970-78) of 1.86 ft3/ s . PROJECTED GROUND-WATER DEVELOPMENT, 1979 -2020 Four projections of ground-water development (1A, IB, 2A, 2B) were made for 1979 to 2020. The projections used different combinations of surfacewater diversions into the Osborne Irrigation Canal and well-pumpage rates. In all four simulations, changes were made in the digital-model code to convert the 90-(summer) and 275-(winter) day pumping periods per year, used in the original digital model (Burnett and Reed, 1986) , to monthly pumping periods. The number of days in each pumping period was 28, 29, 30, or 31 days depending on the month and the year. The summer irrigation season was changed to a 92-day period (June, July, and August). To arrive at a compatible starting point for the projections, each simulation was started in March 1970 and stepped through the calibration period with the same conditions and flux rates used in Burnett and Reed (1986) .
Stream depletion was calculated for this report as the deviation from the average 1970-78 estimated winter leakage of 16.5 ft^/s from the alluvial aquifer to the river.
The average 1970-78 winter streamflow increased 13.6 ft^/s from Webster Reservoir to the town of Osborne (Burnett and Reed, 1986) . Proportioned to include the stream reach east of Osborne, the estimated winter leakage from the aquifer was 16.5 ft^/s. The model simulated vertical leakage to or from the stream as a function of the vertical hydraulic conductivity of the streambed material, thickness of the streambed material, area of the streambed through which leakage occurred, and the difference in hydraulic head between stream stage and the aquifer.
In projection 1A, pumpage was held constant at 1978 rates for the duration of the projection period from 1979 through 2020, and recharge and surface-water diversions into the Osborne Irrigation Canal were held constant at average 1970-78 rates.
In projection IB, pumpage conditions were the same as those in 1A. However, the length of time that surface water was diverted into the Osborne Irrigation Canal was decreased by 50 percent from 1979 through 2020 compared to projection 1A.
Therefore, the canal was dry for 50 percent of the water-diversion time that was used in projection 1A. It was assumed that the effect of 50-percent less surface water in the Osborne Irrigation Canal would cause a 50-percent decrease in leakage by the canal to the aquifer. Therefore, a 50-percent decrease in surface-water diversions into the Osborne Irrigation Canal was effected by decreasing the average (1970-78) leakage through canal (aquifer recharge) grid blocks by 50 percent and holding the decreased leakage constant from 1979 through 2020.
In projection 2A, hydrologic conditions were the same as in projection 1A, except that pumpage was increased annually after 1978. The annual increase in pumpage was distributed among irrigable nodes according to a priority system based on node type.
In projection 2B, pumpage conditions were the same as those in projection 2A.
However, a 50-percent decrease in surface-water diversions into the Osborne Irrigation Canal was effected by decreasing the rate of leakage through canal grid blocks by 50 percent. The potentiometric surface for projection 1A during December 2020 is shown in figure 2 . The altitude of the projected potentiometric surface ranges from about 1,830 ft near Webster Reservoir to about 1,460 ft near Waconda Lake, with hydraulic heads generally decreasing in the downstream direction from the western end of the study area to the eastern end. Waterlevel contours near the river generally are concave in the upstream direction, indicating a gaining stream and, therefore, ground-water flow to the river.
The saturated thickness for projection 1A during December 2020 is shown in figure 3 and ranged from zero at several isolated locations to about 80 ft west of Stockton. For the eastern one-half of the study area (east of Alton, see plate 1), which had less saturated thickness than the western one-half (west of Alton), the projected saturated thickness ranged from zero at several isolated locations to about 40 ft, 5.5 mi east of Alton. Most of the eastern area was in the 10-ft to 20-ft range. For the western one-half of the study area, the saturated thickness was greatest, with most of the area in the 20-ft to 50-ft range.
Simulated monthly and annual net leakage between the South Fork Solomon River and the alluvial aquifer for projection 1A (March 1970 through December 2020) are given in table 1. All of the values are negative, indicating movement of water from the alluvial aquifer to the river. Table 1 shows that flow was from the alluvial aquifer to the river throughout the simulation period (all negative numbers). Leakage from the alluvial aquifer to the stream was least during the summer growing season (June, July, and August) when irrigation pumpage resulted in a generally lower hydraulic head in the aquifer.
After the summer growing season, irrigation pumpage was minimal, and the aquifer hydraulic head began to rise, resulting in greater leakage from the alluvial aquifer to the river. Table 1 , therefore, shows increasing leakage in the fall after the heavy irrigation pumpage season, with maximum leakage during the winter and spring when aquifer hydraulic heads are the highest. The net leakage was significantly higher during 1970-76, when there were fewer irrigation wells to withdraw ground water and more surface water to supply recharge to the aquifer.
As shown in table 1, monthly leakage reached a relatively constant value for each month by the mid-to-late 1990's, indicating the streamaquifer system had reached a stabilized annual cycle.
In this stabilized annual cycle, recharge and discharge have become balanced to the extent that there is no change from year to year for the same season. Therefore, there is no year-to-year change in hydraulic head and no annual change of water in storage. In a strict sense, a stabilized annual cycle does not occur in a large-scale stream-aquifer system due to year-to-year changes in climate and water use. However, since in projection 1A constant values of well pumpage and canal recharge were cycled from 1979 through 2020, a stabilized annual cycle was reached in the stream-aquifer system after a period of time.
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- In projection IB, hydrologic conditions were the same as for projection 1A, except that surface-water diversions into the Osborne Irrigation Canal were decreased by 50 percent after 1979. The decrease in surface-water diversions was simulated by decreasing the recharge for the Osborne Irrigation Canal nodes by 50 percent.
The potentiometric surface for projection IB during December 2020 is shown in figure 4 . The altitude of the projected potentiometric surface ranged from about 1,830 ft near Webster Reservoir to about 1,450 ft near Waconda Lake. The generally lower potentiometric surface in the alluvial aquifer, as compared to the potentiometric surface for projection 1A, especially in the western part of the study area, was caused by the decreased recharge to the aquifer in projection IB.
The saturated thickness for projection IB during December 2020 is shown in figure 5. Thickness ranged from zero at several isolated locations to about 80 ft at an isolated site west of Stockton. The projected saturated thickness was greatest in the western one-half of the area, with most of the area in the 20-ft to 40-ft range. Several areas were in the 50-ft to 60-ft range.
The eastern one-half of the area had the least projected saturated thickness, with most of the area in the 10-ft to 20-ft range. Saturated thicknesses were somewhat less than those for projection 1A because of the lower hydraulic head resulting from .less recharge to the aquifer.
Simulated monthly and annual leakage between the South Fork Solomon River and the alluvial aquifer for projection IB (March 1970 through December 2020) are given in table 3. All of the values were negative, indicating movement of water from the alluvial aquifer to the river. As was the case for projection 1A, leakage from the aquifer to the stream was least during the summer irrigation season and greatest during the winter and spring months. Also, as was the case for projection 1A, the stream-aquifer system reached a stabilized annual cycle after a period of time.
It occurred about 1990.
Comparing table 3 with table 1 shows that leakage from the aquifer to the stream was much less for projection IB than for 1A. 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 Jan.
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- Osborne Irrigation Canal recharge grid blocks in projection IB that resulted in a generally lower hydraulic head. The lower hydraulic head in the alluvial aquifer resulted in less leakage to the stream. The simulation of streamflow depletion was a major item in this study. Increased ground-water pumpage results in decreasing ground-water levels, decreased leakage from the aquifer to the river, and a reduction of flow in the river. The simulations were considered terminated when the stream was estimated to be dry. In the simulations, the river was considered dry when the annual leakage from the river to the aquifer was greater than that from the aquifer to the river.
As mentioned earlier in "Accuracy Considerations," this model, as presently setup, requires close inspection to ensure that the leakage calculation from stream to aquifer was not affected unduly by declining water levels in the aquifer. At the end of the simulations, water levels in the aquifer were below the river level in the corresponding node by more than 2 ft in only 4 of the 201 nodes in which leakage was computed.
In order to distribute the annual increase in pumpage, each grid block in the modeled area was classified as one of six grid-block types ( fig. 6 ) as follows:
Type 0 -nonirrigable blocks or blocks outside the model boundary; 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 Jan.
- Type 1 -irrigable blocks in which the saturated thickness falls below 13 ft during the projection;
Type 2 -irrigable blocks outside the canal-river area that had no irrigation pumpage as of 1979;
Type 3 -irrigable blocks that had ground-water pumpage as of 1979;
Type 4 -irrigable blocks located between Osborne Irrigation Canal and South Fork Solomon River; and
Type 5 -irrigable blocks in which pumpage is at a maximum value based on the saturated thickness in the block.
The assumption was made that additional development would occur first in the type-4 grid blocks, proceed to the type-3 blocks, and occur lastly in the type-2 blocks. Grid blocks were classified as irrigable if they contained 50 percent or more of the soils classified by the U.S. Soil Conservation Service as capability classes I-IV (Fleming, 1977; Palmer, 1982) . Soils in capability classes I-IV are considered arable by the U.S. Soil Conservation Service and, on that basis, were considered irrigable for purposes of distributing future pumpage increases. Blocks containing less than 50 percent of soils classified as capability classes I-IV were considered to be nonirrigable. Percent of imbalance = 0.00
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The starting grid-block types are shown in figure 6 and include types 0, 2, 3, and 4. Nearly all the blocks are type 2 or 4 and include irrigable land both outside (type 2) and within (type 4) the area between the Osborne Irrigation Canal and the South Fork Solomon River. Irrigable blocks that were already pumping ground water as of 1979 are shown as type-3 blocks in figure 6.
Code changes were made in the digital-computer model in order to calculate a maximum well-discharge rate for each grid block as a function of the saturated thickness in the grid block. A maximum well-discharge rate was calculated during each pumping period for specified grid blocks using the equation:
where Q = well discharge, in cubic feet per second; and SAT = saturated thickness at start of pumping period, in feet.
Equation 1 is derived from a curve depicting the relationship between saturated thickness and the maximum well-discharge rate resulting in an 80-percent drawdown at the center of an 80-acre field (one-half the area of a grid block in the model grid) in 90 days. The curve is shown in figure 7 .
The maximum well-discharge rate necessary to produce an 80-percent drawdown at the center of a grid block after pumping 90 days was determined using digital-modeling procedures.
A digital model of an area one-half the size of a grid block in the projection-model grid, using the same values for hydraulic conductivity and specific yield used in this report and subdivided into a 21-row x 21-column grid, was used. Model computations were made for starting saturated thicknesses of 20, 50, and 100 ft at various well-discharge rates.
Plotting the well-discharge rates and drawdowns at the end of a 90-day pumping period gave a curve from which the discharge producing an 80-percent drawdown in 90 days was determined for each saturated thickness. Saturated thickness then was plotted against the well-discharge rate, yielding the relationship between saturated thickness and maximum well discharge.
The annual pumpage increase was distributed throughout the modeled area on a priority basis dependent on grid-block type. The annual increase was divided evenly among the blocks of a given type during the 92-day summer irrigation season (June, July, and August). The order of priority for types was: (1) type 4, (2) type 3, and (3) type 2. The annual pumpage increase was distributed first among irrigable grid blocks located between irrigation canals and the river. After all these type-4 blocks had a pumpage rate equal to the maximum well-discharge rate calculated for each block, the annual pumpage increase then was distributed among irrigable blocks that were already pumping ground water as of 1979 (type-3). Similarly, after all the type-3 blocks had a pumpage rate equal to the maximum well-discharge rate calculated for each block, the annual pumpage increase then was distributed among irrigable blocks outside the canal-river area that had no irrigation pumpage as of 1979 (type-2). The saturated thickness and maximum well-discharge rate were calculated for appropriate grid blocks (dependent on type) at the beginning of each pumping period. When the saturated thickness in a block fell below 13 ft (a yield of approximately 50 gal/min by each of two wells), well discharge in that block was set to zero, and the type changed to 1. Changing the type to 1 had the effect of excluding that block from subsequent pumpage-increase calculations. When the well discharge in a block reached the maximum discharge rate allowed based on saturated thickness, the grid-type designation was changed to 5, and well discharge thereafter remained at the calculated maximum value unless the saturated thickness fell below 13 ft.
In projections 1A and IB, the net annual (June 1 to May 31) leakage was negative for every year, indicating a net annual leakage from the alluvial aquifer to the river. During the summer irrigation season, the monthly net leakage was less than that for nonirrigation months, indicating the potent!ometric surface was depressed due to irrigation pumping. However, during the nonirrigation months, the potentiometric surface of the alluvial aquifer rebounded, resulting in a general increase in net monthly leakage from the aquifer to the river through the following months.
In projections 2A and 2B, the same seasonal pattern of leakage between the river and the alluvial aquifer was observed. However, the increasing pumpage after 1979 resulted in a lower potentiometric surface in the aquifer during the summer irrigation season than for projections 1A and IB. By the early 1980's, the depressed hydraulic head fell below the altitude of river stage, reversing the river-aquifer hydraulic gradient and resulting in net leakage from the river to the aquifer during the summer irrigation season. As was the case in projections 1A and IB, during the nonirrigation months the potentiometric surface also rebounded in projections 2A and 2B, resulting in net monthly leakage from the aquifer to the river. However, by the early 1990's, the total net leakage from the river to the aquifer during the irrigation season was greater than the total net leakage from the aquifer to the river during the nonirrigation season due to the increased irrigation pumpage. The net annual (June 1 to May 31) leakage was positive during 1992 (2A) and 1989 (2B), indicating a net movement of water for the year from the river to the aquifer.
Surface-Water Diversion at Average 1970-78 Rate (Projection 2A)
In projection 2A, recharge and surface-water diversions in Osborne Irrigation Canal were held constant at average (1970-78) summer and winter rates. Irrigation pumpage was increased annually. The potentiometric surface for projection 2A during February 1993 is shown in figure 8 . The altitude of the projected surface ranged from about 1,830 ft near Webster Reservoir to 1,450 ft near Waconda Lake.
The saturated thickness for projection 2A during February 1993 is shown in figure 9 . Thickness ranged from zero at several isolated sites to about 80 ft at an isolated site west of Stockton. Projected saturated thickness was generally greatest in the western one-half of the study area where most of the area was in the 20-ft to 50-ft range.
It was least in the eastern one-half where most of the area was in the 10-ft to 20-ft range.
Simulated net monthly and annual leakage between the river and the alluvial aquifer for projection 2A (March 1970 through May 1993 are given in table 6.
Leakage occurred from the aquifer to the river (negative values) and from the river to the aquifer (positive values). A seasonal pattern of net monthly leakage is evident.
Irrigation pumpage during June, July, and August depressed the projected potentiometric surface of the aquifer, resulting in less leakage from the alluvial aquifer to the river in the early part of the projection period and greater leakage from the river to the aquifer after the early 1980's. During the nonirrigation season, the potentiometric surface rebounded, resulting in greater leakage from the aquifer to the river. 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 Jan. For any particular month and for the annual totals, a decrease in net leakage from the alluvial aquifer to the river followed by an increase in net leakage from the river to the alluvial aquifer is apparent. The above pattern reflects the declining potentiometric surface of the aquifer due to increased pumpage.
Year
The monthly deviations from the average (1970-78) estimated winter base flow of 16.5 ft 3 /s for March 1970 through May 1993 are given in table 7.
The block-type distribution going into the final irrigation season of projection 2A is shown in figure 10 and includes all grid-block types. A large number of the blocks either have a maximum well-discharge rate dependent on their saturated thickness (type-5) or have a saturated thickness of less than 13 ft and, therefore, a we 11-discharge rate of zero (type-1). Type-5 and type-1 blocks are not available for further development. In projection 2B, pumpage conditions were the same as those in projection 2A.
However, simulated surface-water diversions into Osborne Irrigation Canal were decreased by 50 percent by decreasing canal leakage by 50 percent in the canal grid blocks.
The altitude of the February 1990 potentiometric surface for projection 2B ranged from about 1,830 ft near Webster Reservoir to about 1,450 ft near Waconda Lake. Decreased recharge in projection 2B resulted in virtually the same potentiometric surface as for projection 2A, except in the area where irrigation canals are present.
In the vicinity of the irrigation canals, the surface was lower than that shown in figure 8 by as much as 3 ft.
The simulated saturated thickness for projection 2B during February 1990 (near the end of the projection) differs from that shown in figure 9 only along the irrigation canal on the north side of the river. There the differences are small, with a maximum difference of 3-ft less thickness than that shown for projection 2A.
Simulated net monthly and annual leakage between the river and the alluvial aquifer for projection 2B (from March 1970 through May 1990) are given in table 9. Leakage occurred from the aquifer to the river and vice versa. As was the case for projection 2A, a seasonal pattern of net monthly leakage is evident.
In comparison to projection 2A, however, net monthly leakage from the aquifer to the river was less during the nonirrigation season, while net monthly leakage from the river to the aquifer was greater during the summer irrigation season. The decreased recharge to the aquifer in projection 2B as compared to 2A, due to the decrease in surface-water 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 Jan.
- 363  -82  -329  -707  -217  -64  123  215  388  285  250  239  240  249  258  269  279  293  311  330  348  365  382 Feb.
- 296  -60  -315  -650  -169  -44  123  204  347  256  216  205  205  219  218  226  233  252  258  273  288  311  314 Mar.
- 677  -293  -47  -367  -732  -160  -30  149  237  382  266  232  218  217  222  229  236  243  252  267  282  296  308  321 Apr.
- 592  -251  -28  -370  -719  -129  -13  157  241  370  251  219  205  203  207  213  218  224  232  245  258  270  280  291   May  -551  -229  -12  -396  -754  -109  2  175  259  382  254  221  207  204  208  212  217  222  230  242  254  265  275 Figure 10 .--Grid-block types, June 1992, projection 2A. -7,294 -14,236 Change in storage 997 997
Percent of imbalance 0.1 0.05 diversions into the Osborne Irrigation Canal, lead to a lower projected potentiometric surface in the aquifer and the differences in net monthly leakage observed between tables 9 and 6. The lower potentiometric surface in the alluvial aquifer due to decreased recharge also resulted in less leakage from the aquifer to the river and termination of the simulation 3 years sooner than in projection 2A.
Simulated monthly and annual deviations from the average (1970-78) estimated winter base flow of 16.5 ft^/s before June 1, 1990, for projection 2B (March 1970 through May 1990 are given in table 10. As was the case for projection 2A, below-average flow (indicating lower base flow) for projection 2B generally increased in magnitude as the projection progressed in time.
Again, due to the lower potentiometric surface of the alluvial aquifer in projection 2B, the below-average flows were slightly larger than for projection 2A. The block-type distribution for the final irrigation season in projection 2B is shown in figure 11 and includes all grid-block types. Table 9 . Net leakage between river and alluvial aquifer3 projection 2B3 March 1970 through May 1990 [Values given in acre-feet. Positive numbers indicate leakage from the river to the aquifer.
Negative numbers indicate leakage from the aquifer to the river] 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 Jan.
GO ro
Year
- -15,922 -14,405 -12,560 -17,568 -17,947 -13,215 -10,742 -9,409 -6,777 -5,999 -6,027 -5,499 -4,894 -4,295 -3,692 -3,004 -2,283 -1,529 -781 15 1990 -552 -529
-611 -611
-647 Table 10 . Deviations from average (1970-78) 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 Jan.
- Figure 11 .--Grid-block types, June 1989, projection 2B.
SUMMARY
The ground-water flow in an alluvial aquifer in the South Fork Solomon River valley between Webster Reservoir and Waconda Lake in north-central Kansas was modeled in two dimensions to project changes from 1979 to 2020 in the potentiometric surface, saturated thickness, and rive^-aquifer leakage. Four projections (1A, IB, 2A, and 2B) were made using the finite-difference transient model developed in a previous study by Burnett and Reed (1982; 1985) . Simulated hydrologic conditions included shortages of surface water and increased ground-water development. In projections 1A and IB, pumpage was held constant at the 1978 rates throughout the 1979-2020 projection period. In projections 2A and 2B, the 1978 pumpage was increased progressively each year. For projections 2A and 2B, each grid block in the modeled area was classified into one of six types according to irrigable or nonirrigable lard, saturated thickness (13 ft and above or below 13 ft), location in or outside canal-river area, and pumping rate. This classification was necessary to facilitate the annual distribution of increased pumpage to available grid blocks on a priority basis based on type. In projections IB and 2B, the surface-water diversions into the Osborne Irrigation Canal were decreased by 50 percent and held constant for the projection period.
The amount of base flow (leakage from the aquifer to the river) was less during the irrigation pumping season (June, July, and August) due to the depressed potentiometric surface than during the other months of the year. For projections 1A and IB, the aquifer leakage to the river reached relatively constant values by the mid-to-late 1990's, indicating the stream-aquifer system had reached a stabilized annual cycle. However, in projections 2A and 2B, because of an annual increase in irrigation pumpage, this stability was not reached.
The potentiometric surface was lower during the summer irrigation season for projections 2A and 2B than for projections 1A and IB. By the early 1980's, the depressed hydraulic heads for projections 2A and 2B fell below river stage during the summer irrigation season, reversing the hydraulic gradient and resulting in net leakage from the river to the aquifer during the summer months. During the nonirrigation months, the potentiometric surface rebounded, resulting in net monthly leakage from the aquifer to the river. By 1993 for projection 2A and 1990 for projection 2B, the net annual (June 1 to May 31) leakage was from the river to the aquifer, and the simulations were stopped with the presumption that there was no water left in the river for depletion. 
